The purpose of the present study was to examine the validity and reliability of the handheld Nova Max Plus blood glucose monitor during an oral glucose tolerance test and 60-minute bout of exercise. Thirty subjects (mean age±SD=22.3±1.9 years; body mass=77.6±14.2 kg) volunteered for an oral glucose tolerance test or a 60-minute treadmill test. Blood glucose concentrations were measured from the fingertip at six time points during both tests. The reference method of blood glucose analysis was the Yellow Springs Instruments (YSI) 2300. Our results indicated that the blood glucose values provided by the Nova Max Plus were significantly (p<.05) greater than the YSI 2300 at all-time points of the oral glucose tolerance test and treadmill test. In addition, the Nova Max Plus exhibited an overall mean absolute relative deviation (±SD) of 9.0 (±7.0) and did not meet the 95% accuracy requirements of ISO 15197:2013. The Bland-Altman plot for constant error (YSI 2300 -Nova Max Plus) versus the reference method (YSI 2300) indicated an average negative bias (-8.2 mg·dL -1 ) that increased (r=-0.23) at higher blood glucose values. Intra-device reliability analyses for the Nova Max Plus demonstrated the ICC was R=0.99 and CV=3.0%, with no mean differences between the test and retest values. These findings suggested that the Nova Max Plus provided highly reliable, yet inaccurate blood glucose values compared to the YSI 2300 during the dynamic conditions associated with an oral glucose tolerance test and exercise.
Introduction
Blood glucose is an important physiological variable in clinical settings and human performance laboratories due to its relationship with various medical conditions and as an indicator of energy availability to metabolically active tissue. For example, the measurement of blood glucose following an overnight fast and oral glucose tolerance test (OGTT) are commonly used as screening and diagnostic techniques for diabetes mellitus (American Diabetes Association, 2018) . Specifically, fasting blood glucose values of 100-125 mg·dL -1 are considered "prediabetic", whereas values >125 mg·dL -1 are classified as "diabetic" (American Diabetes Association, 2018). During the OGTT procedure, blood glucose levels at the two-hour time point of 140-199 mg·dL -1 and ≥200 mg·dL -1 are classified as "prediabetic" and "diabetic", respectively (American Diabetes Association, 2018) . Glucose levels in the blood can also be monitored during longer bouts of exercise to provide information related to carbohydrate metab-olism and as a preventative measure against low blood sugar (i.e. hypoglycemia). The maintenance of adequate blood glucose is vital for proper functioning of various metabolic processes and reflects the balance of carbohydrate intake, cellular uptake, and glucose release by the liver (Coggan, 1997; Suh, et al., 2007) . Although exercise provides dynamic conditions in which glucose uptake by active skeletal muscles increases, this is balanced by glucose release from the liver, thereby maintaining nearly constant blood glucose values that usually change by less than 5-10 mg•dL -1 (Suh, Paik, & Jacobs, 2007; Zinker, Britz, & Brooks, 1990) . In addition, the use of physical activity as a powerful preventative and therapeutic agent against glucose-related disorders has been well-documented (Jelleyman, et al., 2017) . Among other benefits, physical activity stimulates the cellular uptake of glucose independent of insulin, promotes insulin sensitivity, weight loss, and favorable blood glucose levels (Boulé, Kenny, Haddad, Wells, & Sigal, 2003; Boulé, et al., 2005; Jelleyman, et al., 2017) . Hypoglycemia, or low blood sugar, is a state in which the energy demands of the body may not be supplied, thereby leading to fatigue, decrements in mental acuity, and unconsciousness in extreme cases (American Diabetes Association, 2018; Cryer, 2007) . The risk of hypoglycemia is obviously of greatest concern to diabetics, but can also play a factor in athletic performance during intense or extensive exercise and be indicative of fatigue-inducing glycogen depletion (Cermak & van Loon, 2013) . Thus, the measurement of blood glucose is critical for the health, safety, and physical performance of both the clinical and athletic individuals in home-, clinical-, or laboratory-based environments.
The reference techniques for measuring blood glucose typically involve using enzymatic assays or isotope dilution gas chromatography-mass spectrometry (Hagvik, 2007) . For example, the YSI 2300 STAT PLUS (Yellow Springs Instruments, Ohio) analyzes blood glucose using the glucose oxidase method and is considered the reference method by the U.S. Food and Drug Administration that most other glucose meters are calibrated against (Ekhlaspour, et al., 2017) . Although the YSI 2300 STAT PLUS offers a high level of precision (±2% of the reading or 2.5 mg·dL -1 ) (YSI Life Sciences, 2009), it requires expensive and timeconsuming operation and maintenance procedures that are only realistic in laboratory and clinical settings with trained personnel. In addition, the YSI 2300 is designed to be stationary and requires an external energy source. Thus, for quick and easy blood glucose measurement in the field (e.g. health fairs, schools, exercise facilities), or as a point-of-care test at home, the portable handheld glucose monitors provide an attractive alternate over the more complex, laboratory-based procedures. These portable handheld glucose monitors are considered highly user-friendly (e.g. simple to operate, small size, battery-powered), cost effective, and can produce results in approximately five seconds from less than a drop of blood (i.e. 0.3 µL). Although measures of quality control have been assessed in many handheld glucose monitors in the fasted state (Robinson & Sharp, 2012; Tack, et al., 2012; Thomas, et al., 2008) or in vitro (Bedini, Wallace, Pardo, & Petruschke, 2015; Ekhlaspour, et al., 2017) , there are limited data regarding these factors in vivo under dynamic conditions of blood glucose. Therefore, the purpose of the present study was to examine the validity and reliability of the handheld Nova Max Plus (Nova Biomedical Corp., Waltham, MA) blood glucose monitor during an OGTT and 60-minute bout of exercise.
Methods

Subjects
A total of 30 subjects (mean age±SD=22.3±1.9 years; body mass=77.6±14.2 kg; body height= 171.3±9.6 cm; physical activity=6.2±4.3 hr·wk -1 ) were recruited from undergraduate courses in kinesiology and physical education to participate in a single visit to the Human Performance Laboratory for an OGTT (n=15) or a 60-minute treadmill exercise test (n=15). The subjects did not report or exhibit any of the following that could significantly affect the outcome of the study: (i) history of medical or surgical events, including cardiovascular disease, heart disease, hypertension, diabetes mellitus, insulin resistance, hypoglycemia, or any other metabolic, renal, hepatic, or musculoskeletal disorder; (ii) phobia to needles or finger-stick; (iii) fasting blood glucose level >100 mg·dL -1 , or (iv) any current physical injury due to the physical demands and requirements of the study. Subjects recruited for the OGTT (n=15) were asked to avoid eating or drinking anything other than water for eight hours prior to their visit, whereas the subjects recruited to participate in the 60-minute treadmill exercise (n=15) were asked to avoid eating or drinking anything other than water for 2-3 hours prior to their visit. The study was approved by the Institutional Review Board at Northern Illinois University, and all participants completed a health history questionnaire and signed a written informed consent document prior to testing.
Oral Glucose Tolerance Test (OGTT)
Fifteen subjects (mean age±SD=22.4±1.7 years; body mass=77.0±13.2 kg; body height=170.5±10.6 cm; physical activity=5.0±2.5 hr·wk -1 ) were tested in the morning following an 8-hour overnight fast. Subjects had a baseline (0 min) blood glucose measurement taken immediately prior to the ingestion of the glucose drink to ensure the subjects were in a fasted state with normal levels of blood glucose (<100 mg·dL -1 ). If blood glucose levels were within normal range, the subjects were asked to ingest a drink (296 mL) that consisted of 75 grams of glucose (ThermoFisher Scientific, Waltham, MA). Subjects were then asked to sit quietly in the laboratory with their blood glucose being measured at the 10-, 20-, 30-, 60-, and 90-minute time points of the OGTT.
Treadmill exercise
Fifteen subjects (mean age±SD=22.3±2.2 years; body mass=78.2±15.6 kg; body height=172.2±8.7 cm; physical activity=7.3±5.4 hr·wk -1 ) were tested for their blood glucose responses during 60 minutes of walking on a treadmill (Woodway Desmo HP, Waukesha, WI). Subjects had a baseline (0 min) blood glucose measurement taken immediately prior to the treadmill test in which they were asked to walk at 5.6 km·hr -1 for a total of 60 minutes. This velocity was selected to exceed the minimum walking velocity (4.8 km·hr -1 ) recommended for health benefits (Kelly, Murphy, Oja, Murtagh, & Foster, 2011) . Blood glucose was measured at the 5-, 10-, 15-, 30-, and 60-minute time points of the test. At each of these time points, the treadmill belt was briefly paused to safely allow for the measurement of blood glucose with the subject standing still. Following each measurement, the subject was instructed to continue the test at 5.6 km·hr -1 until the 60-minute time point had been reached.
Measurement of blood glucose
Blood glucose concentrations were measured from the fingertip at six different time points during the OGTT (0, 10, 20, 30, 60, and 90 min) and treadmill test (0, 5, 10, 15, 30, and 60 min). Following the standard procedure, the finger was cleaned with alcohol before the initial finger prick and prior to each blood sample. In addition, the initial blood drop that formed on the finger was wiped away and the subsequent blood drops were sampled for analysis and used as the representative blood glucose concentrations. During the OGTTs and treadmill tests, one blood sample was analyzed four times at each time point, two by the YSI 2300 and two by the handheld device (Nova Max Plus, Nova Biomedical Corp., Waltham, MA). Specifically, 50 µL of whole capillary blood was collected at each time point using two heparinized capillary tubes and transferred into a 1.5 mL graduated natural micro-centrifuge tube. This sample was analyzed twice by the YSI 2300 and twice by the Nova Max Plus using a micropipette to present the sample to the glucose monitor. The criterion reference method of blood glucose analysis used in the present study was the Yellow Springs Instruments (YSI) 2300 Stat Plus Glucose and Lactate analyzer (Yellow Springs, OH). The YSI 2300 measures blood glucose from whole blood using the glucose oxidase method. This technique required two, 25 µL of whole blood collected into heparinized capillary tubes from a finger-stick. Duplicate YSI blood glucose results were required to be within ±4 mg·dL -1 to be used for analysis and the average of these two measurements was used as the representative YSI 2300 value. The YSI 2300 whole blood glucose values were then converted to plasma equivalents (whole blood * 1.12 = plasma), and this value was compared with the test strip results of the handheld device (Nova Max Plus). For quality control, the YSI 2300 was calibrated against 180 and 900 mg·dL -1 solutions according to the manufacturer guidelines (YSI Life Sciences, 2009). The handheld device required 0.3 µL of whole blood for the measurement of blood glucose within 20-600 mg·dL -1 using an electrochemical glucose oxidase biosensor. In addition, the handheld device was checked for accuracy against a known quality control solution prior to testing as recommended by the manufacturer (Nova Biomedical Corp.).
Data analysis
Data were analyzed using SPSS version 24.0 (SPSS Inc. Armonk, NY: IBM Corp.) and provided as mean±SD. Accuracy of the handheld glucose monitor compared to the reference YSI 2300 values involved multiple analyses. First, mean differences in blood glucose values between the YSI 2300 and handheld monitor across time during the OGTT and exercise tests were assessed using separate two-way (method x time) analyses of variance (ANOVAs) with repeated measures and followup paired-samples t-tests when appropriate. Accuracy was also assessed through: 1) the calculation of the mean absolute relative difference (MARD); 2) comparing test results of the handheld monitor against the International Organization for Standardization performance standards (ISO 15197:2013); and 3) Bland-Altman (1986) plots with associated calculation of constant error (CE = mean difference for YSI blood glucose -handheld blood glucose) and Pearson correlation coefficient (r). The MARD was calculated as the mean of individual absolute relative difference (ARD) values. Each individual ARD was calculated as:
ARD = 100
(Nova Max value-YSI 2300 value) YSI 2300 value Intra-device reliability for the handheld glucose meter was assessed using coefficient of variation (CV), intra-class correlation coefficient (ICC), and paired-samples t-tests. A p-value of 0.05 was used for statistical significance.
Results
Accuracy. The results of the two-way repeated measures ANOVA for blood glucose values during the OGTT indicated there was a significant (p<.05) method x time interaction [F(5,70)=2.806, p=.023]. Follow-up paired-samples t-tests indicated that the handheld monitor resulted in significantly greater blood glucose values than the YSI 2300 at all time points (Table 1) Table 2 . Specifically, the overall MARD±SD was 9.0±7.0% and the combined blood glucose values (OGTT and treadmill exercise tests, n=180) that were within the ISO 15197:2013 criteria was 87.2% (157/180) ( Table  2 ). The Bland-Altman plot indicated there was a signifi cant (p<.05) negative relationship (r=-0.23) for CE (YSI 2300 -Nova Max Plus) versus the reference method (YSI 2300) as well as a negative bias (CE=-8.15 mg·dL -1 ) (Figure 1) . Reliability. The test-retest intra-device reliability analyses for the Nova Max Plus during the OGTT and treadmill exercise test indicated there was no signifi cant (p>.05) mean difference between measurement 1 (113.9±31.2 mg·dL -1 ) and measurement 2 (113.6±31.4 mg·dL -1 ) on the combined data (n=180). The ICC and CV associated with measurement 1 versus measurement 2 were R=0.99 and 3.0%, respectively. In addition, the relationship between measurement 1 and measurement 2 from the Nova Max Plus resulted in a signifi cant correlation (r=0.99) (Figure 2 ).
Discussion and conclusions
This study examined the validity and reliability of the handheld Nova Max Plus (Nova Biomedical Corp., Waltham, MA) blood glucose monitor during an OGTT and 60-minute bout of exercise. The blood glucose responses during the OGTT and 60 minutes of treadmill exercise (Table 1) were comparable to those previously reported for healthy individuals (Liu, et al. 2008; Zinker, et al. 1990 ). Specifi cally, the blood glucose values (mean±SD) during the 75-g OGTT at the 0-min (87.3±4.7 mg·dL -1 ) and 90-min (113.5±12.7 mg·dL -1 ) time points were below those associated with prediabetes (fasting: 100-125 mg·dL -1 ; 120-min: 140-199 mg·dL -1 ) and diabetes (fasting: >125 mg·dL -1 ; 120-min: >200 mg·dL -1 ) (American Diabetes Association, 2018). In addition, the range in blood glucose values (84.6±9.5 to 87.6±6.0 mg·dL -1 ) during the treadmill test were similar to those reported by Zinker et al. (1990) over 60 minutes of moderate intensity exercise. Thus, the subjects in the present study exhibited blood glucose responses during the OGTT and 60-min exercise test that were consistent with healthy, nondiabetic individuals of comparable age (Liu, et al., 2008; Zinker, et al., 1990) . Accuracy. One of the main fi ndings of the present study was that the Nova Max Plus provided signifi cantly greater blood glucose values than the reference method (YSI 2300) under both conditions at all time points of the tests (Table 1) . Therefore, the Nova Max Plus consistently overestimated blood glucose provided by the YSI 2300. In addition, the MARD and ISO 15197:2013 requirements were used to examine the accuracy of the handheld monitor within different reference ranges of blood glucose. Specifi cally, the calculation of MARD provides the mean absolute difference value between the Nova Max Plus and reference method (YSI 2300) expressed as a percent of the reference value (Obermaier, et al. 2013) . Thus, the MARD describes the magnitude of percentage bias of each measurement (Tack, et al. 2012 ) and a lower MARD value is associated with higher accuracy (i.e. closer to the reference value). Although there are no set criteria for an "accurate" versus "inaccurate" MARD, values ranging from 4.2 to 39.2 have been reported for multiple handheld units (Ekhlaspour, et al. 2017; Robinson & Sharp, 2012; Tack, et al. 2012) . Our results indicated that the Nova Max Plus exhibited an overall MARD (±SD) of 9.0 (±7.0) (n=180), and values of 9.0 (±7.3) and 9.1 (±6.6) at the low (<100 mg·dL -1 , n = 105) and high (>100 mg·dL -1 , n = 75) reference ranges of blood glucose, respectively ( Table 2 ). The overall MARD value of 9.0 was consistent with previous findings for the Nova Max Plus under fasting conditions (MARD = 8.1) (Robinson & Sharp, 2012) and in vitro preparations (MARD = 9.7) (Ekhlaspour, et al. 2017 ) that involved blood samples modified for glucose (20-440 mg·dL -1 ). In addition, Ekhlaspour et al. (2017) reported overall MARD (±SD) values ranging from 5.6 (±6.4) to 20.8 (±16.6) for 17 different handheld blood glucose monitors versus the YSI 2300, with the Nova Max Plus ranking 8 th for the lowest MARD (9.7). Therefore, the findings of the present study and those of others (Ekhlaspour, et al. 2017; Robinson & Sharp, 2012) indicated that Nova Max Plus provides consistent MARD values (9.0-9.7) within a wide range of blood glucose during fasting and dynamic conditions.
Although the present study was not conducted in vitro according to the strict compliance guidelines of ISO 15197:2013 that require the manipulation of blood glucose and hematocrit, their accuracy criteria was utilized in the evaluation of validity. The ISO 15197:2013 accuracy requirements for blood glucose monitoring systems specify that 95% of the measured values be within ±15 mg•dL -1 of the reference for values <100 mg•dL -1 and within ±15% for values >100 mg•dL -1 (ISO 15197:2013). Overall, the Nova Max Plus did not meet the 95% accuracy criteria, yielding only 87.2% of readings within the required range (Table 2) . To further examine the accuracy of the Nova Max Plus, we determined the percentage of readings that fell within the required range for values above and below 100 mg•dL -1 . In the reference range <100 mg•dL -1 , the Nova Max Plus was only within ±15 mg•dL -1 for 87.6% (92/105) of the values. For the reference range >100 mg•dL -1 , only 86.7% (65/75) of the values were within the ISO 15197:2013 requirements of ±15%. The results of these analyses indicated that the Nova Max Plus did not meet the ISO requirements in any of the three ranges (high, low, overall) of blood glucose that we examined. These findings are consistent with previous studies that have examined Nova Max Plus within fasting individuals and in vitro (Ekhlaspour, et al., 2017; Robinson & Sharp, 2012) in which the Nova Max was found to have overall ISO 15197:2013 accuracy values of 89.0% and 88.2%, respectively.
The relationship between CE (YSI 2300 -Nova Max Plus) and the reference (YSI 2300) blood glucose values was analyzed using the method of Bland and Altman (1986) (Figure 1 ). For this relationship, the mean CE was -8.15 mg·dL -1 and correlation coefficient was r=-0.23. Constant error (CE) provides the mean difference between the actual (YSI 2300) and predicted (Nova Max Plus) blood glucose values. Specifically, the negative CE of -8.15 mg·dL -1 indicated that, on average, the Nova Max Plus overestimated the measurement of blood glucose by 8.15 mg·dL -1 . In fact, 81% (145/180) of the blood glucose measurements from the Nova Max Plus resulted in overestimated values. The negative correlation (r=-0.23) suggested that the absolute CE values became greater at the high end of the reference (YSI 2300) blood glucose values. Thus, the Nova Max Plus overestimated blood glucose values by approximately 8.15 mg·dL -1 and this error tended to increase at higher blood glucose values.
Reliability. The intra-device test-retest reliability analyses of the Nova Max Plus were performed on the two blood glucose measurements taken at each time point during the OGTT and treadmill test (30 subjects x 6 time points = 180 comparisons). As recommended by Atkinson and Nevill (1998) , a number of statistical methods should be utilized for assessing reliability in variables relevant to sports medicine to provide a comprehensive analysis. Our findings indicated there were no significant mean differences between the first (113.9±31.2 mg·dL -1 ) and second (113.6±31.4 mg·dL -1 ) measurements. Although suitable, the t-statistics does not provide an indication of random variation between tests and should be interpreted with caution (Atkinson & Nevill, 1998) . Thus, we also utilized the ICC and CV as two additional statistical procedures that are commonly used to assess relative and absolute reliability, respectively (McLain, et al., 2015) . The ICC is used to describe the strength of the similarity of the values within a group and categories suggested by Vincent and Weir (2012) include "excellent" (R close to 1), "high" (R>0.90), "good" (R=0.80-0.89), and "questionable" (R=0.70-0.79). For CV, an acceptable boundary of <10% has been previously proposed (Atkinson & Nevill, 1998; McLain, et al. 2015) . Therefore, the Nova Max Plus exhibited excellent relative reliability (ICC, R=0.99) and acceptable absolute reliability (CV=3.0%). Collectively, these analyses indicated that the Nova Max Plus provided highly reliable blood glucose values on two consecutive measurements taken at the same time points during the OGTT and treadmill test. Implications and limitations. The present study provides meaningful data for health care providers, clinicians, coaches and trainers in human performance, and other fitness professionals for assessing blood glucose in the field or laboratory during exercise, fasting, or postprandial. Overall, our findings suggested that readings from the Nova Max Plus for the screening or diagnosis of blood glucose-related disorders at health fairs, schools, in the laboratory, etc., should be interpreted with caution. These findings should also be taken into consideration for individuals that require accurate blood glucose readings that determine the appropriateness for exercise, food ingestion, or insulin injections. It should be noted, however, that this study was not without limitations. Specifically, our sample only included healthy subjects without any glucose-related disorders. It is likely that many individuals that use Nova Max Plus handheld glucose monitors suffer from insulin resistance, diabetes, or other metabolic problems. In addition, the blood glucose responses to the OGTT in our sample of healthy individuals did not exceed 200 mg·dL -1 . Therefore, the validity and reliability of the Nova Max Plus were not assessed using a blood glucose range (i.e. >200 mg·dL -1 ) consistent with impaired glucose homeostasis. Importantly, however, our findings indicated that higher blood glucose values were associated with less accurate readings from the Nova Max Plus. Future studies should consider examining the accuracy and reliability of the Nova Max Plus and other handheld blood glucose monitors during more intense and longer duration bouts of exercise that may be associated with hypoglycemia or glycogen depletion in athletes, or during dynamic conditions in clinical populations (i.e. Type 1 and 2 diabetes) that exhibit large ranges in blood glucose responses.
In summary, the blood glucose values provided by the handheld Nova Max Plus were significantly higher than those of the YSI 2300 reference method at all time points of the OGTT and 60-minute treadmill test. In addition, the Nova Max Plus exhibited an overall MARD (±SD) of 9.0 (±7.0) and failed to meet the 95% accuracy requirements of ISO 15197:2013 (only 87.2% of all values met the criteria). The Bland-Altman plot for CE (YSI 2300 -Nova Max Plus) versus the reference method (YSI 2300) indicated an average negative bias (CE=-8.2 mg·dL -1 ) that tended to increase (r=-0.23) at higher blood glucose values. The intra-device reliability analyses of the Nova Max Plus, however, demonstrated that the ICC was R=0.99 and CV=3.0%, with no significant mean differences between the test and retest values. These findings suggested that the Nova Max Plus provided highly reliable, yet inaccurate blood glucose values compared to the YSI 2300 during the dynamic conditions associated with an OGTT and exercise.
